Abstract. We have collected data during eight separate research cruises from open ocean to estuarine oceanic environments. Inherent optical property data collected during these cruises were incorporated into a large database totaling 1914 vertical samples. The range of each inherent optical property within this database spans over 2 orders of magnitude. Using this database, we examine the spectral relationships of each of the inherent optical properties based on the measurements made at 488 nm. The results of this study show that there are dependencies in the individual inherent optical properties (IOP) spectra that are linearly related. The information from the regression models is used to explain the linear dependencies observed in the global data set. A separate data set collected from a recent cruise is used to compare regional relationships with the global. The implication of this research is that over a diversity of oceanic regimes, there are fundamental, firstorder relationships in the individual IOP spectra. These relationships can provide an estimate of the individual IOP spectral relationships when no information about the IOP is available, as is often the case in ocean color remote sensing. More detailed models, however, may be necessary in order to more accurately predict the IOP spectral relationships on regional scales where the expected range of variability is small.
Introduction
The inherent optical properties (IOP), defined as those optical properties that are independent of the ambient light field [Preisendorfer, 1976] , determine the magnitude and spectral signature of the light propagating through the water. The IOP are the absorption, scattering, and beam attenuation properties of the water and its dissolved and suspended materials. The apparent optical properties (AOP), such as radiance and irradiance levels (percent of surface values) and the diffuse attenuation coefficient are connected to the IOP via the equation of radiative transfer. Together with the backscattering coefficient, the absorption coefficient determines the diffuse reflectance of the ocean, which is used for remote sensing purposes. Phytoplankton, detritus, and dissolved matter all have different absorption and scattering characteristics that potentially allow one to infer their concentrations from the remotely sensed spectral radiance.
Various models have been proposed to estimate the IOP based on the AOP [Prieur and Sathyendranath, 1981; ZaneveM, 1989; Gordon, 1991; Kirk, 1994; Lee et al., 1996] . However, AOP measurements can only be made during the daylight hours and can be difficult to interpret owing to varying surface conditions, winds, ship reflections, and sky conditions. The AOP are very difficult to measure near the surface, where the influence on the remotely sensed radiance is the largest. Furthermore, discrimination of the particulate and dissolved fractions of the IOP cannot be inferred directly from the measurements of AOP.
The most common technique used to determine the absorption coefficient is spectrophotometric analysis of filtrat½s of water samples. The absorption coefficient due to particulate Copyright 1998 by the American Geophysical Union.
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0148-0227/98/98JC-01851509.00 and dissolved material is estimated by analyzing the fraction of the water sample retained on a filter pad (usually 0.2/xm) and the fraction that passes through the filter [Trt;iper and Yentsch, 1967; Mitchell and Kiefer, 1988a] . Pigment extraction techniques using organic solvents of the filter-pad sample have been used to separate the phytoplankton and detrital portions of the absorption coefficient [Kishino et al., 1985] . While these analyses provide high spectral resolution, they typically only provide data from discrete portions of the water column. Furthermore, the determination of absolute values using these methods is still subject to debate owing to uncertainties caused by the filter and extraction technique [Mitchell and Kiefer, 1988b; Bricaud and Stramski, 1990; Mitchell, 1990 ].
The beam attenuation coefficient can be used to determine suspended particulate load [Pak et al., 1988] . Most commonly, in situ measurements of the beam attenuation coefficient are made using broadband, single-wavelength transmissometers [Petzold and Austin, 1968; Voss, 1992] . While these instruments do provide high vertical resolution estimates of beam attenuation, they are limited in the amount of spectral data they can provide during a single profile.
Recent advances in optical instrumentation have allowed for noninvasive measurement of the spectral absorption and beam attenuation coefficients (WET Labs Inc., ac-9 meter) of the oceans on vertical scales similar to traditional conductivitytemperature-depth (CTD) measurements  ZaneveM et al., 1992; Roesler and Zaneveld, 1994; Bricaud et al., 1995a] . Over the past 3 years, we have made spectral IOP measurements in six different areas during eight separate research cruises using this instrumentation. Our approach is to incorporate the data colIected from these cruises into a large database to examine the spectral variability of each of the IOPs over large time and space scales. This data set is unique in that it contains spectral data on each of the IOP parameters and encompasses a wide variety of oceanic regimes.
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It is the purpose of this study to examine the general spectral relationships of the IOP on a global basis. From a descriptive standpoint, this research represents one of the first studies to examine the large-scale distributions of the IOPs, measured simultaneously at various wavelengths. From an analytical standpoint, this research can provide information on the general spectral tendencies in each of the IOPs that span a diversity of oceanic regimes. It is the goal of this research to examine the causes of these spectral tendencies and how they can be used to obtain more information on the IOP variability. As the IOP data were collected during various cruises, a secondary issue to be addressed is the precision of the ac-9 measurements.
We present various models for the spectral relationships of each of the individual IOPs. As we will show, these relationships are quite strong when considering wide ranges of oceanic environments. However, the reader is cautioned that the results presented in this work may not be applicable to all oceanic scales and environments. In fact, as we will show, these relationships can be quite different on local scales. More detailed models may be necessary in order to more accurately predict the IOP spectral relationships on regional scales. Furthermore, the relationships may change temporally depending on the magnitude of the values owing to differences in the composition of very clear waters compared with turbid waters.
Field Methods and Data
We have assembled the slow descent rate optical platform (SlowDROP) to provide simultaneous hydrographical and optical measurements on vertical scales similar to traditional CTD measurements. The platform is free falling and slightly negatively buoyant, which eliminates the effects of ship motion. A typical instrument configuration on the platform includes two spectral absorption a and beam attenuation c coefficient (ac-9) meters and a CTD. Data from the instruments are integrated into a single stream using a WET Labs, Inc., data acquisition system (MODAPS). Platform descent rates are approximately 10-30 cm s-•, providing better than 10 cm vertical resolution of the water column. Typically, the entire water column (near surface to bottom) is profiled, except in cases where the bottom depth is greater than 150 m due to restrictions imposed by the length of the data cable. Spectral absorption and beam attenuation coefficient measurements are made using WET Labs, Inc., ac-9 meters at nine wavelengths h: 412, 440, 488, 510, 532, 555, 650, 676, and 715 nm. For the purpose of this paper, only a brief overview of the ac-9 calibration, deployment, and processing procedures implemented during each field experiment is given. For a detailed description of these procedures, the reader is referred to WET Labs., Inc. (www.wetlabs.com) and M. L. Twardowski et al. (Quantification of the micro-to finescale in situ chromophoric DOM absorption and total absorption in coastal waters with an ac-9, submitted to Journal of Atmospheric and Oceanic Technology, 1997). The ac-9 meters are mounted vertically on the optics platform, with tubing extensions placed on the flow tube intake nozzles. Submersible pumps are attached to the outflow nozzle of each of the flow tubes, so that in situ water is drawn along the optical path. To insure that the in situ water measured by each ac-9 is sampled from the same depth, the intake tubes are positioned at the same vertical level on the platform and in very close horizontal proximity.
To avoid the possible effects of instrumentation drift, each ac-9 is normally field calibrated relative to a clean water standard once each sampling day. A Barnstead Nanopure © water system is used to produce the clean water calibration standard. When properly calibrated, the ac-9 has been shown to have an Over the past 3 years, we have collected IOP profiles using the SlowDROP system during eight research cruises located in six separate geographical regions. A description of the locations and dates of these cruises is given in Table 1 . The IOP data from these cruises encompass a wide variety of oceanic regimes ranging from the equatorial Pacific to eutrophic coastal and estuarine waters. While all of the IOP data were collected in the northern hemisphere, we consider it to be global in the sense of the dynamic range observed in each lOP. In these terms, we consider the data set to be global in magnitude range, not necessarily in a spatial sense. The reader will also note that the global data set does not contain waters that would be considered to be purely "blue" (i.e., where the IOPs are strongly dependent on the characteristics of the water itself).
Over 1,000 profiles of the IOP have been collected during these cruises, at an average vertical resolution of approximately 0.2 m. Thus the total number of depth samples collected for each of the IOPs is well over 200,000 at each wave- 
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Results and Discussion
The spectral relationships of each IOP are examined in the following sections. As the results will show, the spectral dependency of each IOP can be described based on simple linear regressions. Although not included in this presentation, the spectral dependence was also examined using log-transformed data. While the log transformation models provide for more equal weighting of all data points, they are, however, more difficult to interpret and require a zero intercept. In most cases examined, only a slight improvement in the spectral IOP relationship models using a log transformation was found. Because linear models do not require a zero intercept, they can provide an estimate of the possible biases in the IOP measurements. Since one of the goals of this research is to examine the precision of the ac-9 measurements, the choice was therefore made to use the simpler linear models.
The spectral relationships are examined using the estimates of the individual IOP parameter at the 488 nm wavelength as the independent variable x and the measurements at each of the other wavelengths as the dependent variable y. 
Chromophoric Dissolved Absorption Coefficient ag(•.)
The a a at each of the ac-9 measured wavelengths are plotted versus a a (488 nm) in Plate 1. The results of the regressions, given in Table 3 Table 4 for the linear regression statistics. The average spectral slope S was determined for the global data set using two methods. First, the slopes from the regressions of a a(X) versus aa (488 nm), shown in Table 3 , were fit to the exponential model shown above using the absorption by dissolved materials at 488 nm as the reference wavelength.
This method resulted in a spectral slope of S = 0.016 nm -1, with an r 2 = 0.99. In the second method, the spectral slope S was determined using the exponential model at each vertically binned sample using a a (488 nm) as the reference wavelength.
The ensemble spectral slope mean was computed by taking the average of sample spectral slopes over all of the depth bin samples. The mean slope over all profiles was S = 0.015 nm -1, with a standard deviation of +_0.003. The good agreement between the two methods (within 0.001 nm -•) suggests that the spectral shape of the absorption by dissolved organic matter is accurately modeled using the simple linear relationships resolved from the global data set. Furthermore, these results suggest that the absorption by dissolved materials can be accurately estimated using the exponential form shown above, using the absorption measured at 488 nm as the reference wavelength and a spectral slope S = 0.015 nm-1.
Similar results in the spectral relationships were found using the lower and upper order of magnitude data sets, suggesting that the spectral shape of the absorption by dissolved materials is independent of magnitude of total absorption. As the global data set used in this study encompasses a variety of oceanic environments and a wide range of a a values, we conclude that simple linear models can be used to accurately predict the spectrum of the absorption by dissolved organic matter for most oceanic environments.
Particulate Absorption Coefficient a•,(X)
The ap values from the global data set at each wavelength versus the ap (488 nm) are shown in Plate 2. The absorption coefficient due to particulate matter was derived from two ac-9 measurements; the uncertainty of each is assumed to be random and equal to 0.005 m -1. Thus the uncertainty in the particulate absorption model due to calibration and instrument errors is assumed to be 0.007 m -•. The percentage of variability explained is greater than 95% for each of the wavelengths (Table 4 ). In general, the lowest r 2 values and largest y intercepts are in the blue and red portions of the spectrum. In the blue wavelengths, the shape of the absorption spectrum is strongly dependent on the concentration of detritus and the chlorophyll pigment structure of phytoplankton [Morrow et al., 1989; Bricaud and Stramski, 1990; Bricaud et al., 1995b] . It is therefore not surprising that the 412 nm band shows the lowest r 2 value, where variability in the proportion of detrital to pigmented absorbing matter is expected to be the greatest. In the red portion of the spectrum, differences in the absorption spectra of detritus and phytoplankton, variability in the shape of the secondary maximum of chlorophyll pigments, and variations in the blue to red absorption ratios cause the lowered r 2 values and the increased y intercepts.
We noted that 14% of the particulate absorption values at 488 nm in the global data set are in the upper 90% of the data range, 0.142 -< ap (488) -< 1.476 m -•. In order to elucidate [1989] showed that the largest variance in the phytoplankton absorption spectra occurred near the 532 and 676 nm wavelengths. Thus the large biases observed at these wavelengths in the upper order magnitude data set correspond well to the expected variance due to varying pigment composition and packaging by phytoplankton. The absorption by detrital matter, which is highest in the blue wavelengths, may be large enough to influence the regression at 412 nm.
In the lower ranges of the ap values (<0.142 m-•), we hypothesize that the contribution of the absorption by detrital material is a significant proportion of the particulate absorption coefficient. Notice that the spectral slope at 412 nm is greater than the slope at 440 nm in the lower order magnitude regressions (Figure 1) , consistent with the hypothesis of the increased detrital absorbing fraction. Also note that the lower order magnitude spectral slope is lower than the slope from the global data set at 676 nm. As the detrital absorption spectrum follows an exponential form, the absorption at 676 nm is expected to be very small or near zero, and thus the particulate absorption at 676 nm is due mainly to phytoplankton chlorophyll a pigments. However, at 488 nm the particulate absorption coefficient is influenced by both the detrital and phytoplankton fractions. Thus the 676/488 nm spectral ratio is reduced owing to the fact that detritus absorbs more strongly at 488 nm than at 676 nm. A plot of the y intercepts returned from the lower magnitude particulate absorption data set nitude data set are similar to the ap regression slopes of the upper order magnitude data set (Figures 1 and 3 
Particulate Scattering Coefficient bp(X)
The spectral scattering coefficient is plotted versus scattering at 488 nm in Plate 5, with the statistics of the regressions shown in Table 8 Because of anomalous dispersion, we expect that in phytoplankton-dominated absorption waters, the scattering coefficient will have a spectral shape that is similar to the inverse of the particulate absorption [ZaneveM and Kitchen, 1995] . We find that the spectrum of the scattering coefficient is nearly flat (Figure 5) , with n = -0.1 when fit to a power law function. It does retain a wavelength dependence that is similar to the inverse of the absorption spectrum, although the magnitude of the slopes is much lower (Figure 5 ). Similar spectral relationships were found for the global and both lower and upper particulate scattering data sets which implies that absorbing particles dominate the data collected at these scattering levels. The nonzero y intercepts seen in the absorption coefficient are repeated in the analysis of the scattering coefficient. We hypothesize that the presence of a background level of detrital particles may cause the offset observed in the scattering coefficient. Dissolved absorption coefficient at 488 nm versus the total absorption coefficient at 488 nm for the lower 86% magnitude data set (blue) and the upper 14% magnitude data set (green). Also plotted is the particulate absorption coefficient at 488 nm versus the total absorption coefficient at 488 for the lower 86% magnitude data set (cyan) and the upper 14% magnitude data set (olive green). A possible source of these offsets may be the background concentrations of absorbing or scattering (i.e., detrital and/or dissolved organic) material which does not covary with particle Number of samples in the global data set is 1914. determine the nonzero intercepts in the regressions of the total attenuation coefficient; that is, the background dissolved absorption coefficients drive the high end of the regression down and the low end up. These results imply that the spectral shape of the beam attenuation coefficient is dependent on the relative concentrations of the dissolved and particulate fractions, similar to the results presented for the total absorption coefficient. After removing the contribution of the dissolved component absorption to the beam attenuation coefficient, the y intercepts were closer to zero f (Table 10 In analyses similar to the global data set, linear models were used to examine the spectral relationships of a subset of IOP data collected from a cruise in April-May 1997 over the North Atlantic Shelf (CMO97). This data set is independent in time (9 months later than the CMO96 cruise data) but was collected from the same site as the CMO96 site, which was used in deriving the global relationships. While thus not a fully independent data set, it can give insight into the degree to which local or regional IOP relationships differ from the global. It may also indicate which of the IOPs are more predictable or consistent on a global basis. Note that the range of each of the IOPs values at 488 nm is much less than the global and is also reduced from the CMO96 data set (Table 2) . We have omitted spectral data plots (i.e., Plate 1) for the CMO97 data in order to conserve space. The r 2 values from each of the IOP regressions are given in Table 11 . Information on the slopes and y intercepts are discussed below.
Results from the regressions of the a a data from the CMO97 data were, in general, comparable to the global data set. The exponential spectral slope S was estimated to be 0.014, slightly lower than the slope determined from the global a a data set (0.015 to 0.016). Note, however, that the r 2 values are greatly reduced from the global data set regressions. As was the case with the other IOP parameters, this is due to the much narrower range of concentrations at each wavelength in the CMO97 data set as compared with the global data set.
Regressions of ap and apa show similar trends in comparison
with the global data set regressions. The slopes are lower at all wavelengths, with the exception of 650 nm where they are approximately the same as the global slope (Figures 1 and 3) . The y intercepts from the ap and apa regressions of the CMO97 data set are comparable to the global data set at wavelengths greater than 488 nm (Figures 2 and 4) . The y intercepts less than 488 nm are larger than the global data set, especially at 412 nm. Also note that r 2 values from the CMO97 absorption regressions are the lowest at these wavelengths. The shape of the spectrum is also varied from the global, with a much steeper increase from 412 to 440 nm. Thus using the linear models derived from the global data set to predict the spectral absorption of the CMO97 data set would lead to an overestimate of the absorption at all wavelengths. 
Summa•
We have produced a large data set of IOP from data collected from a wide variety of oceanic and coastal environments. It should be stressed that the results from this study not only span various water types but also cover the entire water column. One of the most significant results of this study is that when considering a diversity of oceanic and coastal environments, there are global relationships in the IOP spectra that are strikingly linear. These global relationships can be explained by noting that if the dynamic range is large, the deviation from a linear relationship can be relatively large without significantly affecting the overall variance. For a local data set, when the dynamic range is small, deviations from the global linear trend do not have to be large to significantly affect the variance on these regional scales. While these global relationships are extremely useful in providing large time and space estimates of the IOP relationships, they may or may not be valid in predicting local scale IOP variability. In comparison with a regional data set with a smaller dynamic range (CMO97), the IOP relationships were considerably different from the global, especially in the case of the beam attenuation coefficient. Thus using the global models to predict the spectral IOP at the local or regional scale may lead to inaccurate estimates of the IOP spectral shape and magnitude.
The main conclusion of this research is that over a diversity of oceanic regimes, there are fundamental, first-order relationships in the individual IOP spectra. This is logical from the standpoint that the constituents of the ocean: water, particles (including detrital and pigmented material), and dissolved organic matter, combine to determine the IOP spectral relationships. While the relative proportions of each of these constituents may vary from region to region, the variability in the spectral relationships of these constituents is much smaller than the dynamic range of the IOP concentrations observed over the global oceans.
The importance of the results from this study has various implications for use in deriving ocean color remote sensing algorithms. The linear global relationships of this study define a set of IOP basis vectors that can be used in these remote sensing inversion models which require some a priori information of the absorption spectra [Morel, 1988 ; Carder et al., 1991; Roesler and Perry, 1995; Hoge and Lyon, 1996] . Prediction of the spectrum of IOP variables given absorption, attenuation, or scattering at a single wavelength with a given degree of accuracy can provide a wealth of information based on inversions of the remotely sensed radiance. However, on regional spatial scales, the spectral IOP relationships may differ greatly from the global. It is these local or regional scale deviations that contain the information about the local physical/biological environments.
From an instrumental standpoint, the results of this study indicate that the ac-9 meter measurements are, in general, precise over a large magnitude range of IOP values. In each of the spectral IOP relationships, the biases (as indicated by the value of the y intercept) were nearly equivalent to the estimated accuracy of the ac-9 measurements. The largest biases observed were located at the endpoints of the measured spectrum (412 and 676 nm) and may be due, in part, to the large wavelength separation from the regression wavelength (488 nm). Other causes of these biases were proposed, such as noncovarying detrital and dissolved fractions. These effects are amplified, as noted in the regional data set comparison (CMO97), when the dynamic range of the IOP values is decreased.
